This study was designed to determine the genotoxicity of a supraphysiological dose of triiodothyronine (T 3 ) in both obese and calorie-restricted obese animals. Fifty male Wistar rats were randomly assigned to one of the two following groups: control (C; n = 10) and obese (OB; n = 40). The C group received standard food, whereas the OB group was fed a hypercaloric diet for 20 weeks. After this period, half of the OB animals (n = 20) were subjected to a 25%-calorie restriction of standard diet for 8 weeks forming thus a new group (OR), whereas the remaining OB animals were kept on the initial hypercaloric diet. During the following two weeks, 10 OR animals continued on the calorie restriction diet, whereas the remaining 10 rats of this group formed a new group (ORS) given a supraphysiological dose of T 3 (25 mg/100 g body weight) along with the calorie restriction diet. Similarly, the remaining OB animals were divided into two groups, one that continued on the hypercaloric diet (OB, n = 10), and one that received the supraphysiological dose of T 3 (25 mg/100 g body weight) along with the hypercaloric diet (OS, n = 10) for two weeks. The OB group showed weight gain, increased adiposity, insulin resistance, increased leptin levels and genotoxicity; T 3 administration in OS animals led to an increase in genotoxicity and oxidative stress when compared with the OB group. The OR group showed weight loss and normalized levels of adiposity, insulin resistance, serum leptin and genotoxicity, thus having features similar to those of the C group. On the other hand, the ORS group, compared to OR animals, showed higher genotoxicity. Our results indicate that regardless of diet, a supraphysiological dose of T 3 causes genotoxicity and potentiates oxidative stress. 
Introduction
Obesity is a chronic metabolic disease, which is considered a public health problem that may lead to insulin resistance and increased serum leptin levels, affecting both developed and emerging countries [1] . It may be caused by several different factors, especially the increased availability and consumption of highly palatable diets as well as low energy expenditure [2] .
Obesity causes an increase in the production of reactive oxygen species (ROS) [3] , leading to redox system imbalance and consequently an oxidative stress state. Such a state causes damage to lipids, proteins and especially DNA [4] . The literature thus presents several strategic approaches to deal with obese individuals, including food restriction and physical exercise [5] . The administration of thyroid hormones, alone or in combination with a hypocaloric diet, occurs illicitly despite the fact that it is not accepted as an obesity treatment by federal health agencies.
Thyroid hormones are involved in the regulation of energy expenditure and thermogenesis. Thyroid dysfunction is often associated with changes in appetite and body weight as well as a decrease in both insulin resistance and serum leptin concentration [6] . However, it is not known yet if supraphysiological doses of thyroid hormones together with either obesity or a calorie restriction diet might increase DNA damage, oxidative stress, insulin resistance and serum leptin concentration. The objective of our study was to determine the effects of a supraphysiological dose of T 3 on both obese and calorie-restricted obese rats by assessing their DNA damage and oxidative stress.
Materials and Methods

Animals and experimental protocol
Sixty-five male Wistar rats (aged 60 days and weighing approx. 150 g) were assigned for this experiment, and they were supplied by the animal facility of the Experimental Laboratory for Internal Medicine at the ''Júlio de Mesquita Filho'' Universidade Estadual Paulista (UNESP), Botucatu, São Paulo, Brazil. In accordance with our selection criteria [7] , 15 animals excluded from the experiments. Animals were housed in individual cages under controlled room temperature (22-26uC) and lighting (12 h light/ dark cycle). Animals were initially divided into two groups: control animals (C, n = 10) receiving standard food (RC Focus 1765, AgroceresH, Rio Claro, São Paulo, Brazil) containing 12.3% calories from fat and 2.95 kcal/g, and obese animals (OB, n = 40) fed a hypercaloric diet (RC Focus 2413, AgroceresH, Rio Claro, São Paulo, Brazil) containing 49.2% calories from fat and 3.65 kcal/g, as previously described [7] for 20 weeks to induce obesity. The composition of the diets is given in Table 1 [7] . After this period, 20 OB animals continued on the hypercaloric diet, whereas the other 20 formed a new group (OR) that was submitted to calorie restriction. The group then underwent calorie restriction, wherein it was placed on a normocaloric diet with 75% of the quantity ingested by the control group [8] , for 8 weeks. Thus, the restriction applied was 25% of the control group. Afterwards, ten OB and ten OR animals received a supraphysiological dose of T 3 (25 mg/100 g animal body weight) [9] for 2 weeks, as shown in Figure 1 . On week 30, rats were killed by decapitation, and blood was collected and kept at -80 C for further analysis. The Botucatu Medical School Commission for Ethics in Animal Experimentation at UNESP approved the study designated experimental protocol No. 648.
Body weight, calorie intake, metabolic efficiency
Food intake was measured daily and body weight was recorded weekly. Calorie intake was assessed by average weekly food intake multiplied by calorie value of each diet. Metabolic efficiency (ME) was calculated to analyze an animal's capacity to convert consumed food energy into body weight; this calculation used the animal's weight gain divided by the total energy ingested (kilocalories), multiplied by 100 [7] .
Body fat deposits
Total body fat was measured as the sum of epididymal, retroperitoneal, and visceral fat deposits [10] . The adiposity index was calculated by total body fat divided by final body weight multiplied by 100 [7] . This data point was utilized to confirm obesity in the animals.
Insulin tolerance test
The insulin tolerance test (ITT) was performed to assess insulin resistance. At the end of experiment, the animals were fasted for 4 to 6 h and insulin (1 U/kg -Novolin R) was administered by intraperitoneal injection. Blood glucose levels were measured in tail by a glucometer (Accu-Chek Go Kit; Roche Dianosticas Brazil Ltda, SP, Brazil), at baseline (before administration of insulin) and 5, 10, 15, 20, 25 and 30 min after insulin administration [11] .
Serum analysis
Animals were fasted for 12-15 h, anesthetized with 50 mg/kg sodium pentobarbital i.p. and killed by decapitation. Blood was collected in dry tubes and then centrifuged at 3,000 rpm for 10 min for serum separation. Glucose levels were assessed using specific kit (CELMH, São Paulo, Brazil) for an automated colorimetric enzyme method (Technicon, RA-XT TM System, Figure 1 . Experimental protocol. Control (C, n = 10); obese (OB, n = 50), obese given T 3 at 25 mg/100 g BW (OS, n = 10), calorierestricted obese (OR, n = 10) and calorie-restricted obese given T 3 at 25 mg/100 g BW (ORS, n = 10). doi:10.1371/journal.pone.0056913.g001 To assess lipid peroxidation, plasma malondialdehyde (MDA) was measured by high performance liquid chromatography (HPLC) with fluorometric detection [12] , and the data were expressed in mM/L. Briefly, either plasma or plasma incubated with 5 mM AMVN at 42uC for 2 h was treated with BHT (5% in EtOH) followed by TCA (10% w/v) for protein precipitation. The mixture was reacted with TBA (0.4% w/v, in acetate buffer, pH 3.5) and analyzed for MDA-TBA adducts using an HPLC system with a Pecosphere-3 C18 column (8364.6 mm) equipped with a fluorescence detector (Waters 2475 multi l), which was set at Ex 515 nm and Em 553 nm. The HPLC mobile phase was 20 mM potassium phosphate buffer:acetonitrile (80:20, by volume), and the flow rate was set at 0.8 ml/min. The lower limit of detection was 0.2 pmol for the MDA-TBA adduct [12] .
Lymphocyte isolation
Lymphocytes were isolated on Ficoll-Paque gradients. Samples of peripheral blood (2 ml) were homogenized with 2 ml of phosphate-buffered saline (PBS), layered over 3 ml of Ficoll and centrifuged at 3,000 rpm for 30 min at 4uC. The lymphocyte layer was transferred to 4 ml PBS, followed by centrifugation at 2,500 rpm for 15 min, and the cell pellet was resuspended in PBS. Lymphocytes were used for the comet assay.
DNA damage
The protocol used followed the general procedures used by Singh et al. [13] and Tice et al. [14] , with some modifications. Every step was carried out under indirect light. Slides were coded and blindly analyzed. A 10-ml aliquot of peripheral blood lymphocytes was added to 120 ml of 0.5% low melting point agarose at 37uC, and the mixture was placed on slides that had been previously covered with 1.5% regular agarose, which were then coverslipped. After the agarose solidified in the refrigerator, cover slips were removed and slides immersed in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl buffer, pH 10, 1% sodium sarcosinate with 1% Triton X-100, and 10% DMSO) for 1 h. Prior to electrophoresis, slides were washed in PBS, placed in alkaline solution (pH.13) for 20 min, and then subjected to electrophoresis for 20 min at 25 V/cm and 300 mA. After electrophoresis, slides were neutralized with 0.4 M Tris-HCl buffer (pH 7.5), fixed in absolute ethanol and stored for later analysis. Positive controls (blood and spleen cells) were treated separately with 100 mM H 2 O 2 for 5 min, in triplicate, to ensure the assay sensitivity and reproducibility. All steps were performed under dim light conditions. Slides were stained with ethidium bromide (10 mg/ml). Fifty nucleoids were assessed per slide at 4006 magnification using an immunofluorescence microscope connected to an image analysis system (Comet Assay II, Perceptive Instruments, Haverhill, Suffolk, UK). ''Tail intensity'' (% of migrated DNA) and tail moment [the product of tail length (DNA migration) and fraction of DNA in the comet tail, i.e., % DNA in the tail] [26] , were used to assess DNA damage. Since all groups showed statistical differences regarding these parameters, we decided to use ''tail moment'' to present our results.
Statistical analysis
Statistical analysis was performed using the two-way analysis of variance (ANOVA) followed by Bonferroni's test with the significance level set at 5%. Data are expressed as mean 6 standard deviation.
Results
Body weight, energy intake and metabolic efficiency
All animals showed similar weight at the beginning of the study. After obesity induction, the animals on hypercaloric diet showed higher body weight compared to those on control diet. Foodrestricted animals showed body weight loss. T 3 treatment reduced body weight in both obese and calorie-restricted obese animals ( Figure 2) .
Despite the fact that the OB group ingested less food, calorie intake was higher than in the C group. The OR group showed a decrease in food ingestion and calorie intake when compared to the C and OB groups; the same occurred with the ORS group in comparison to the OS group. Comparing the OB group to the other groups, its metabolic efficiency was higher, whereas the administration of a supraphysiological dose of T 3 reduced metabolic efficiency by reducing body weight (Table 2) .
Body fat deposition
The hypercaloric diet increased all fat deposits, and calorie restriction was efficient in restoring them to the C levels. Administration of T 3 decreased retroperitoneal, visceral, and epididymal fat deposits. The OB group showed a significant increase in adiposity index when compared to C, OR, and OS. Adiposity index of OR was similar to C, and ORS group showed significant decrease when compared to OR (Table 3) .
Insulin tolerance test
At the end of the experiments, the animals were subjected to an insulin tolerance test (Figure 3 ). The area under the glucose curve was determined to demonstrate insulin resistance. The OB animals exhibited an increase in insulin resistance compared to the C and OR groups. The area under the glucose curve was significantly increased in the OS group when compared to ORS (Table 4) .
Serum measurement
Free T 3 levels were lower in OR animals when compared with C animals, but were similar when compared with the OB group. On the other hand, free T 4 levels were lower in OR animals when compared with OB and C animals. The T 3 dose administered increased hormone levels in the ORS and OS animals. The OS group showed lower free T 4 levels in comparison with the OB animals. TSH levels displayed the same behavior as free T 4 . Leptin levels increased in animals on hypercaloric diets, but decreased in the OS and ORS groups (Table 5 ).
Malondialdehyde and comet assays
The OB group showed higher MDA production when compared with the C and OR groups, but lower lipid peroxidation levels when compared with the OS group (p,0.01). The ORS animals showed higher DNA damage levels compared with the OR group, but lower levels compared with the OS group ( Figure 4A ). The DNA damage showed similar results ( Figure 4B ).
Discussion
The administration of a supraphysiological dose of T 3 augmented the serum concentration of T 3 (Table 5 ) demonstrating the effectiveness of the treatment. Serum concentrations of free T 4 and TSH were similar for C and OB animals and significantly lower in OR animals. No statistical difference was observed between animals subjected to calorie restriction and hormone administration, evincing axis suppression in restricted animals.
This may reveal an adaptation of the organism to save energy, since T 3 is a metabolically active hormone that leads to reduced body fat by increasing thermogenesis and lipid oxidation. There was a significant decrease in free T 4 and TSH levels of OS animals when compared to OB animals, since the exogenous administration of T 3 suppresses the endogenous secretion of TSH and the production of T 4 by the thyroid gland [15] .
As expected, OB animals gained more weight and adiposity, when compared with the C group [16, 17, 18] , and the 25% Figure 2 . Body weight development, in grams, during a 30-week experimental period. C, control; OB, obese; OR, calorie-restricted obese; OS: obese given T 3 at 25 mg/100 g BW; ORS: calorie-restricted obese rats given T 3 at 25 mg/100 g BW. Data are expressed as means and 95% confidence interval. doi:10.1371/journal.pone.0056913.g002 Table 2 . Nutritional information: food intake (g), calorie intake (kcal) and metabolic efficiency (ME).
Groups Variables
Intake (g/animal/day) Intake (kcal/animal/day) ME (%) restriction in calorie intake was efficient in reducing weight and adiposity in the animals [19, 20] . A supraphysiological dose of T 3 in OB and OR animals reduced body weight and adiposity. These results were expected since clinical and experimental studies have shown that hyperthyroidism leads to increased basal metabolism [21, 22] based on the notion that triiodothyronine (T 3 ) controls metabolic and energy homeostasis and influences body weight, thermogenesis, lipolysis, and metabolism of cholesterol [23] . On the other hand, TH administration did not affect the diet and calorie intake in high-fat fed (OB6OS) or calorie-restricted (OR6ORS) rats. In agreement with other studies [24, 25] , metabolic efficiency was higher in the OB group. The OS group showed an increased ME compared to the ORS group, albeit lower than in OB animals, confirming the role of thyroid hormone in energy balance regulation [26] .
As reported in several studies [17, 27, 28, 29] , the OB animals exhibited hyperleptinemia. Caloric restriction lowered leptin levels to the same values observed in the C group [30, 31, 32, 33] , and T 3 at a dose of 25 mg/100 g BW significantly diminished leptin levels in the group treated. Despite some data show that T 3 may directly affect leptin levels [32, 34, 35, 36, 37] . The decreased leptin levels in ORS group are better explained by decreased body fat [32, 36, 37] .
Insulin resistance was evident in high-fat diet-fed rats (OB vs C and OR groups and OS vs ORS group), reinforcing the correlation between high-fat diet and insulin resistance [38, 39] . It is well established that excess thyroid hormones augment plasma glucose levels [40] . The administration of T 3 produced a significant decrease in serum insulin levels in treated animals (Table 4) . Fukuchi et al [41] suggest that high doses of thyroid hormones may be deleterious to pancreatic b-cell function, thereby reducing insulin secretion. Despite a supraphysiological dose of T 3 (25 mg/ 100 g BW) decrease serum insulin levels, it did not alter insulin resistance in comparison with untreated animals (OB or OR). Nevertheless, the exact influence of thyroid hormones on insulin sensitivity and glucose metabolism remains controversial [42] .
The OB animals presented greater MDA production, being in agreement with previous studies that have shown excessive fat intake may be correlated with increased markers of lipid oxidation, as MDA [43, 44] . The MDA levels were reduced by foodrestriction. The possible mechanism by which calorie restriction diminishes oxidative stress is likely due to a reduction in cellular oxygen free radical production [45] , and it would be correlated with lower levels of and lipid peroxidation products in the blood. Besides, it is known that calorie restriction diet improves many parameters involved in immune responses and antioxidant enzyme activities [46, 47] . Animals receiving a supraphysiological dose of T 3 , OS and ORS, showed a significant increase in MDA when compared to their respective controls (Fig. 3A) . Physiological concentrations of TH do not cause increased MDA levels, however, excess concentrations of TH may lead to DNA damage and MDA production [48, 49] . In addition, experimental studies have demonstrated that animals with induced thyrotoxicosis show more lipid peroxidation, as evidenced by increased MDA levels in myocardium [22] . Since hyperthyroidism is associated with an increased metabolic rate due to an increased rate of oxygen consumption in target tissues [50] , oxidative stress is regarded as a pathogenic factor in hyperthyroidism, which enhances ROS generation and produces changes in various tissue antioxidant systems, which participate in the development of hyperthyroidisminduced tissue damage [51] . Several studies indicate the use of lymphocytes to evaluate DNA oxidative damage, considering that these are excellent markers of body health conditions [52] . The comet assay affords the opportunity for correlating DNA damage and T 3 doses [53, 54] . Although there is not much data regarding the effect of the thyroid state on protein and DNA oxidation, it does seem that hyperthyroidism promotes protein oxidation in rat liver [55] .
Therefore, using lymphocytes to analyze DNA lesions in obese and food-restricted obese animals treated or not with a supraphysiological dose of TH, was found that a hypercaloric diet caused a significant increase in DNA damage ( Figure 4B ) [56, 57] , and food restriction reduced this damage [58] . Supraphisiological dose of T 3 had a significant increase in DNA damage, in both OS and ORS groups, when compared to their respective controls. In agreement, a cell culture study demonstrated that T 3 augments metabolic rate and oxygen intake, generating oxidative stress, consequently leading to DNA damage [52] .
Since elevated levels of thyroid hormones, including T 3 , in obesity increase resting energy expenditure avoiding fat accumulation, one may speculate whether the administration of additional thyroid hormone can be used in pharmacological treatment of obesity. However, there is no indication for thyroid hormone drugs to control body weight due to the undesirable effects, such as tachycardia, arrhythmias, fatigue, irritability, loss of bone mass, and muscle wasting, usually accompanying thyroid hormone excess [59] . Thus, the use of thyroid hormones is unsafe and harmful in the treatment of obesity, and as demonstrated in this study it leads to both increased oxidative stress and genotoxicity. The manipulation of the thyroid hormone pathway, however, seems promising. This report provides ideas for future studies on synthetic analogues of thyroid hormone, which predominantly exert effects on plasma lipids among other beneficial actions. In summary, a hypercaloric diet in rats caused obesity, increased oxidative stress and DNA damage, whereas food restriction reduced weight, adiposity, oxidative stress and DNA damage. Supraphysiological dose of T 3 , despite decreasing body fat, increased DNA damage and oxidative stress in both obese and calorie-restricted animals, indicating that the use of supraphysiological doses of T 3 is unsafe and harmful in obesity treatment, even combined with calorie restriction.
